The multiple classes of binding sites for the progesterone-receptor complex in hen oviduct nuclei were found to be of chromatin origin. The highest-affinity, and presumably most physiologically important class, is localized in oviduct chromatin and contains approx. 6000-10000 sites per nucleus. None of these sites is detected in spleen chromatin. Two new techniques were used for assaying rapidly the binding of steroid-receptor complexes to soluble deoxyribonucleoproteins in vitro. The extent of high-affinity binding by the nucleo-acidic protein fraction from spleen chromatin is as great as that by the nucleoacidic protein from oviduct chromatin. Consequently the tissue-specific nuclear binding of the progesterone receptor is found not to be a consequence ofthe absence ofthe nuclear binding sites (acceptors) from chromatin of non-target tissue (spleen), but rather a result of complete masking of these sites. In the target-tissue (oviduct) chromatin, approx. 70% of the high-affinity acceptor sites are also masked. Acidic proteins, and not histones, appear to be responsible for the masking of these acceptor sites. In addition, acidic proteins represent (or at least are an essential part of) these high-affinity sites in the oviduct nucleus. Pure DNA displays a few high-and many low-affinity binding sites. In support of previous work with immature chicks, the acidic protein fraction of the nucleo-acidic protein of hen oviduct appears to contain this high-affinity class of binding sites. Our results thus support the hypothesis that protein complexed with DNA, and not DNA alone, represents the high-affinity binding sites for the steroid-receptor complexes in nuclear chromatin. The lower-affinity classes of binding sites may represent DNA and/or other nuclear components.
Interaction of steroid hormones with the genetic material has been implicated in the molecular mechanism by which these hormones modulate target-cell metabolism. This modulation has been shown to involve significant changes in RNA and protein synthesis. Such alterations in genetic transcription and translation are preceded by the highaffinity association of the steroid with specific cytoplasmic 'receptor' proteins. The resulting hormonereceptor complex is then believed to be translocated to the nucleus, where it interacts with the chromatin and subsequently alters the pattern of gene expression in the target cells (Hamilton, 1968; O'Malley et al., 1969; Williams-Ashman & Reddi, 1971 ; Jensen & DeSombre, 1972; King & Mainwaring, 1974; O'Malley & Means, 1974) .
Many aspects of the mechanism of action of progesterone in the chick oviduct have been studied in some detail. The cytoplasmic receptor for progesterone has been extensively purified and characterized, and the properties of the stereospecific association with progesterone determined Schrader et al., , 1974 Schrader et al., , 1975 Kuhn et al., 1975) . The interaction of the progesterone-receptor complex with isolated nuclei in Vol. 156 vitro has also been characterized and compared with that which occurs in vivo Buller et al., 1975a,b; Pikler et al., 1976) . Progesterone-induced alteration in gene expression has been monitored by examination of various aspects of the synthesis of RNA (T. C. Spelsberg & R. F. Cox, unpublished work) and protein (O'Malley et al., 1969; Palmiter, 1972a,b) in oviducts from hormonetreated chicks.
Previous work has demonstrated that the binding of the progesterone-receptor complex to chick oviduct nuclei and nuclear components in vitro is dependent on receptor 'activation', is of high affinity, is ionic in nature, and is quantitatively target-tissuespecific Buller et al., 1975a,b; Pikler et al., 1976) . Moreover, almost all ofthe nuclear binding seems to represent binding to nuclear chromatin (Spelsberg et al., 1971b; Steggles et al., 1971 ; O'Malley et al., 1972; and specifically to a nucleo-acidic protein fraction obtained by selective removal of the histones and some acidic protein fractions from the chromatin . The chromatin-binding sites, or 'acceptors', for the progesterone receptor in the chick oviduct appear to be part of a protein fraction AP3 associated with the DNA in the nucleo-acidic protein . In the absence of DNA, however, this fraction binds receptor only slightly (Spelsberg, 1974) . Similarly pure DNA only binds receptor slightly compared with the nucleoacidicproteinunderhigh-ionic-strength(0.15M-NaCI) conditions Spelsberg, 1974) . When the AP3 fraction is re-annealed to DNA, however, the high-affinity binding (i.e. binding which occurs in the presence of 0.15M-NaC1) is restored.
We reported in the preceding paper (Pikler et al., 1976 ) that progesterone-receptor binding to oviduct nuclei from laying hens has the same characteristics as that to nuclei from chicks. Further, oviduct nuclei were shown to possess multiple classes of binding sites in vivo (Spelsberg, 1976) and in vitro (Pikler et al., 1976) with differing affinities for the progesterone receptor. The work presented here demonstrates that in hen oviduct (1) these multiple classes of binding sites for the receptor are associated with chromatin, (2) the highest-affinity sites are associated with acidic proteins, (3) many ofthese sites in oviduct chromatin are masked by other fractions of the acidic proteins (and not by histones), and (4) these sites are also present in non-target-tissue chromatin but are completely masked by the acidic proteins.
Part of this work was presented at the Florida Colloquium on Molecular Biology sponsored by the Department of Biochemistry, University of Florida, March 1975 (Spelsberg et al., 1975 .
Materials and Methods Tissue sources and subcellular fractions
Tissues from adult laying hens were supplied by a local produce company (Jones Produce, Rochester, MN, U.S.A.). Shortly after the hens were killed, organs were removed, cleaned, sectioned and frozen (on solid CO2). The tissues were stored at -800C until used. Mature erythrocytes were isolated as described by Neelin (1968) . The isolation ofnuclei and chromatin and the preparation ofpartially deproteinized chromatins were as previously described (Spelsberg etaL., 1971b (Spelsberg etaL., , 1972 with slight modification. The final suspensions of native and treated chromnatins were in 2.0rm-Tris/HCI/O.1 mM-EDTA, pH7.5
(TE buffer), at 0.2-0.8mg of DNA/mi. Oviducts for the preparation of the progesterone-receptor complex were obtained from White Leghorn chicks that had been injected subcutaneously with 5mg of stilboesterol for 20-25 days. Cytosol was prepared as described previously . The labelled receptor preparation was stored at -80°C and dissolved in 0.01 M-Tris/HCI/0.001 M-EDTA/0.012M-thioglycerol, pH7.4 (TESH buffer) for use in the binding assays as described elsewhere (Pikler et al., 1976) .
Assaysfor chromatin binding ofthe [3Hjprogesterone-receptor complex Two new methods were used to assay for steroidreceptor binding to native chromatin, partially deproteinized (soluble) chromatin and DNA. Both techniques allow many samples of soluble deoxyribonucleoprotein or DNA to be assayed together with insoluble chromatin for steroid-receptor binding capacity in a relatively short time. The samples can be washed rapidly by using low-speed centrifugation, as opposed to the time-consuming high-speed centrifugations used previously .
One method uses the antibiotic streptomycin sulphate to precipitate the DNA, together with any DNA-bound protein, including the progesterone receptor (T. C. Spelsberg, unpublished work) . In this method, the binding assays are performed essentially as described in the preceding paper (Pilder et al., 1976) . The reaction mixtures contained in 1.0ml final volume, 50,ug of DNA as chromatin, 'half-TESH' buffer (5mM-Tris/HCI/0.5mM-EDTA/6mM-a-thioglycerol, pH7.4), KCl as required, and various amounts of the partially purified progesterone receptor. The reactions were initiated by adding the chromatin (in a small volume of TE buffer) and mixing immediately. The reaction tubes were incubated for 90min on ice with intermittent mixing. At the end of the incubation, approx. 1.0mg of streptomycin sulphate (Calbiochem, La Jolla, CA, U.S.A.) in TE buffer was added to each reaction mixture, and the tube contents were again gently mixed. The DNA was allowed to precipitate for 30min on ice and then sedimented by centrifugation at 1500g.,. for 5min. The pellets were washed twice by centrifugation in 2.0ml ofTE buffer containing 0.02 % (w/v) streptomycin. The chromatin material was then collected on membrane filters (0.45,m pore size, 24mm diameter; Millipore Corp., Bedford, MA, U.S.A.) under vacuum and washed further with the TE/streptomycin buffer. The filters were dried and counted for radioactivity in 5.Oml of a toluenebased scintillation solution containing 6.Og of PPO (2,5-diphenyloxazole) and 0.075g of POPOP [1,4-bis-(5-phenyloxazol-2-yl)benzene] per litre. In all assays, complementary reaction mixtures containing the labelled receptor, but no chromatin, were 1976 treated in the same manner to monitor background radioactivity. After radioactivity counting (30% efficiency), the filters were dried and the DNA was hydrolysed by incubating them at 90°C for 30min in 0.3 M-HClO4. The DNA in the hydrolysate was assessed by the diphenylamine reaction (Burton, 1956) . The radioactivity per filter was correlated with the amount of DNA on the same filter (d.p.m./mg of DNA).
The other method, the cellulose method, for assaying steroid-receptor binding uses an insoluble matrix to which the soluble deoxyribonucleoprotein is coupled (T. C. Spelsberg, unpublished work). Chromatin was linked to cellulose in ethanol with high-intensity u.v. light (Litman, 1968) . The chromatin-cellulose preparations (2-10mg of chromatin DNA/g of cellulose) were stored dry at room temperature (22°C) and before use were allowed to hydrate for 2h in the TE buffer. The reactions were initiated by the addition of the chromatin-cellulose (25pg of DNA per tube) to each assay mixture. After incubation for 90min on ice, the chromatin material was washed with the TE buffer by the procedure described above, but without the streptomycin. In all experiments, pure cellulose was added to separate reactions and the resulting radioactivity used as background (subtracted from those of reactions containing chromatin-cellulose). Both the streptomycin and cellulose methods yielded similar results.
Results
The properties of the progesterone-receptor binding to nuclear material in these experiments were described in the preceding paper (Pikler el al., 1976 Fig. l(b) shows that in the absence of KCI, the binding of the receptor to oviduct chromatin is not saturable within the range of receptor concentrations used. As the ionic concentration is increased, the extent of binding is decreased and saturation is readily achieved. These properties are similar to those described in the preceding paper (Pikler et al., 1976) for experiments using isolated nuclei. At low ionic concentrations (0.05M-KCI), binding equilibrium is attained at 90min, whereas at higher ionic strength (0.15M-KCI) equilibrium is reached at 20min. Consequently, a 90-min incubation was used in all binding assays described in the present paper.
Many steroid-receptor complexes have been shown to require 'activation' by exposure to elevated temperatures (22-37°C) or to high ionic strength to achieve maximal nuclear binding [Jensen & DeSombre, 1972; King & Mainwaring, 1974; O'Malley & Means, 1974; Buller et al., 1975a,b ; the preceding paper (Pilder et al., 1976) ]. This is also true for the binding of the progesterone receptor to hen oviduct chromatin (Fig. 2) We have shown in the preceding paper (Pikler et al., 1976 ) that when oviduct nuclei are assayed under low-salt conditions by using multiple concentrations of the labelled receptor, several saturation plateaux are observed. The same phenomenon is seen with oviduct chromatin in Fig. 3 . It appears that chromatin also contains several classes of binding sites with differing affinities for the progesterone receptor. The highest-affinity class of sites (i.e. binding which occurs at the lowest receptor concentrations) is absent from spleen chromatin, as was shown for spleen nuclei in the preceding paper (Pikler et al., 1976) , suggesting target-tissue specificity for its presence. Further, increasing the salt concentration to 0.15M-KCI eliminates all receptor binding to oviduct chromatin except that to the highest-affinity class of sites. The persistence at high salt concentration of receptor binding to the highest-affinity sites in hen oviduct chromatin and the target-tissue specificity of these sites correlate with the results obtained with nuclei (Pikler et al., 1976) .
Comparisons of the binding of the progesteronereceptor by oviduct nuclei and chromatin are shown in Table 1 by Scatchard-plot analysis of binding data similar to that shown in Fig. 3 (Pikler et al., 1976) and differs from the other two methods described in the Materials and Methods section in that neither streptomycin nor cellulose was used. The dissociation constant, Kd, and number of binding sites were determined by the method of Scatchard (1949 (Pikler et al., 1976) ; see also Fig. 1 Fig. 4 ). This is further evidence that the high-affinity binding sites in chromatin are target-tissue specific, as found to a lesser degree for the nuclear binding. Vol which eliminates all binding except that to the highaffinity sites. As shown in Fig. 6 , removal of the histones fails to alter the maximum extent ofreceptor binding compared with whole oviduct chromatin. Subsequent removal of acidic protein fractions AP, and AP2, on the other hand, results in a significant increase in binding. Apparently, the receptor binding sites in chromatin are masked by the AP1 and/or AP2 acidic-protein fractions. The extent of masking of these sites in oviduct and spleen chromatin is shown in Table 2 . Several interesting points are revealed: (1) oviduct chromatin displays only about 30% of its total acceptor sites for receptor binding; (2) the majority of the other sites (approx. 70%) are masked by acidic proteins, and not histones; (3) non-targettissue chromatin (e.g. from spleen) contains as many acceptor sites as oviduct chromatin, but most of these (94 % or more) are masked by protein.
Since the nucleo-acidic protein is capable ofbinding the progesterone receptor at high ionic strength (0.15 M-KCI), it apparently contains the high-affinity sites found in whole nuclei and chromatin. As shown in Fig. 6 , most of this high-affinity binding to nucleoacidic protein is lost, however, if the majority of the residual acidic proteins (representing the AP3 fraction) is removed; the resulting DNA, containing less than 4% of total chromatin, displays a greatly decreased binding compared with the nucleo-acidic protein. The degree of binding is also less than that for chromatin. In summary, pure DNA when assayed with the streptomycin or DNA-cellulose techniques displays minimal binding compared with nucleoacidic protein. This supports the concept that the high-affinity chromatin binding sites for the progesterone receptor are contained in the AP3 acidicprotein fraction.
Discussion
The results presented here indicate that the different classes of binding sites for the progesterone receptor in chick oviduct nuclei in vivo (Spelsberg, 1976) and in vitro (Pikler et al., 1976) are of chromatin origin. In addition, the highest-affinity class of sites involves a fraction of acidic chromatin proteins bound to the DNA. The presence of more than one class of binding sites for the oestrogen receptor in kidney nuclei from the guinea-pig foetus (Sumida et al., 1974) This procedure is based on a previously reported method . The selective removal of each group of proteins was monitored by polyacrylamide-gel electrophoresis (Panyim & Chalkley, 1969; and quantitative analysis (Lowry et al., 1951) .
and for the progesterone receptor in oviduct nuclei from theimmature dick(Bulleretal., 1975b) has been suggested. By using theoretical and experimental considerations Yamamoto & Alberts (1975) argue in favour of the presence of more than one nudlear binding site for steroid-receptor complexes. The present work and that described in the preceding papers (Spelsberg, 1976; Pikler et al., 1976) vivo, and (4) themaximum alteration ofnuclear RNA polymerase activity induced by progesterone treatment in vivo occurs when the number of nuclearbound progesterone molecules reaches approx. 10000 (which is equivalent to the number of molecules required to saturate the higher-affinity classes; Spelsberg, 1976) . Possible biological functions for the lower-affinity sites, however, cannot be ruled out. These might include (1) gene activation for enzymes involved in the metabolism of toxic concentrations of the hormone or (2) concentration of the hormone at chromosome regions near functional highaffinity sites for future interaction with the latter.
The finding that the AP3 acidic-protein fraction gives hen oviduct chromatin the capacity to bind the progesterone receptor specifically corroborates earlier work from this laboratory using the immaturechick system (Spelsberg etaL., 1971b (Spelsberg etaL., , 1972 Spelsberg, 1974) . The same AP3 fraction in the immature-chick chromatin was found to contain the high-affinity binding sites for progesterone receptor. Further, in both hen and chick, high-affinity binding sites for the receptor are present in both oviduct and spleen chromatin, but are only exposed in the oviduct target tissue.
Others have suggested that nuclear binding by steroid-receptor complexes involves the interaction of the receptor complex with DNA only, with no intervention of chromatin proteins (Baxter et al., 1972; Yamamoto, 1974) . The present results and others (Spelsberg etal., 1971b (Spelsberg etal., , 1972 King & Gordon, 1972; Spelsberg, 1974) , however, suggest that although DNA binds the steroid-receptor complex at low ionic strength, very little of the complex binds at high ionic strength. The acidic protein fraction AP3, once bound to the DNA, enables the DNA to bind much greater amounts of the receptor even at high ionic strength. The receptor may bind directly to the protein or the protein may alter the DNA At present no role can be assigned to the large number of masked high-affinity binding sites found in non-target-cell chromatin (e.g. spleen). Their presence demonstrates that, unlike the cytoplasmic receptor, the nuclear proteins which bind the progesterone receptor are not really target-tissue-specific, but are simply masked in non-target tissues. The masking of the high-affinity binding sites in target-cell chromatin may play a role in determining the degree of cellular responsiveness to the hormone. The response could be modulated by masking or unmasking more sites under certain physiological conditions or during development. Although there is no evidence for such a mechanism, it has been shown (Spelsberg et al., 1971a ) that during oestrogen-induced differentiation of chick oviduct there are significant changes in the progesterone-receptor-binding capacity of chromatin and also in the concentrations of the AP2 acidic-protein fraction (which possibly is involved in the 'masking' of acceptor sites). Also, in rat uterus, when animals receive graded doses of oestrogen, there is a positive correlation between the quantity of nuclear-bound oestrogen receptor and the degree of hormone response (Anderson et al., 1972) .
Characterization of the chromatin-binding sites for steroid-receptor complexes, such as that described here, seems to be one of the first steps necessary in the elucidation of the mechanism by which these hormones regulate genetic transcription in target cells.
